We present recent developments in top-down nanofabrication that have found application in catalysis research. To unravel the complexity of catalytic systems, the design and use of models with control of size, morphology, shape and inter-particle distances is a necessity. The study of well-defined and ordered nanoparticles on a support contributes to the understanding of complex phenomena that govern reactions in heterogeneous and electro-catalysis. We review the strengths and limitations of different nanolithography methods such as electron beam lithography (EBL), photolithography, extreme ultraviolet (EUV) lithography and colloidal lithography for the creation of such highly tunable catalytic model systems and their applications in catalysis. Innovative strategies have enabled particle sizes reaching dimensions below 10 nm. It is now possible to create pairs of particles with distance controlled with an extremely high precision in the order of one nanometer. We discuss our approach to study these model systems at the single-particle level using X-ray absorption spectroscopy and show new ways to fabricate arrays of single nanoparticles or nanoparticles in pairs over a large area using EBL and EUV-achromatic Ta lbot lithography. These advancements have provided new insights into the active sites in metal catalysts and enhanced the understanding of the role of inter-particle interactions and catalyst supports, such as in the phenomenon of hydrogen spillover. We present a perspective on future directions for employing top-down nanofabrication in heterogeneous and electrocatalysis. The rapid development in nanofabrication and characterization methods will continue to have an impact on understanding of complex catalytic processes.
Introduction
Nanofabrication or nanolithography techniques, that are usually classified as either 'top-down' or 'bottom-up' approaches, have been used to make ordered and functional structures of dimensions below 100 nm. [1] In fields such as electronics, semiconductors, optics, biological systems, sensors, material sciences, and energy systems, nanofabrication has enabled the creation of new devices, thanks to the increased control of feature size, morphology, topology, and functionality. It has also expanded the applications of already existing devices and materials through miniaturization and has helped to answer fundamental scientific questions. Our recent work, involving the use of topdown methods such as electron beam lithography (EBL) [2] and extreme ultraviolet (EUV) lithography [3] has shown that modern nanolithography continue to have great potential in chemical science, specifically in catalysis and related surface chemistry, as feature sizes or/and resolution down to a few nanometers are becoming a reality. Catalysis is ubiquitous in today's society, both for life and lifestyle [4] and between 80 and 90% of the total chemical products include catalysts at some stage during their production, generating more than 35% of the gross world product. [5] Common applications are in catalytic converters, used in automobiles for the cleaning of exhaust gases, [6] and in many energy conversion processes employed in the industry. [7] In addition, novel processes and catalysts are required to move away from the use of fossil resources. [8] Significant efforts are therefore undertaken in finding new materials to improve catalysts' performance and develop more sustainable processes. Metal nanoparticles dispersed on high-surfacearea supports are commonly used. These technologically important catalytic systems are very difficult to study and therefore remain not well understood as they are poorly defined in terms of size, shape, and composition. [9] Understanding the structure-activity relation is essential to design novel catalysts or to improve existing ones. This requires effective strategies to obtain catalyst, were investigated by high-resolution TEM, in addition to the previously mentioned techniques. Their subsequent studies of carbon monoxide adsorption using sum frequency generation vibrational spectroscopy [17] in test reactions showed that these particles are catalytically active for hydrocarbon conversion. [18] Kasemo and coworkers [19] also used EBL to fabricate platinum nanoparticles down to 30 nm in diameter on supports such as alumina and ceria and they designed a microreactor to enhance the samples' catalytic sensitivity, needed because of their small coverage and low surface area. In a separate study, [20] they used selected area electron diffraction (SAED) and TEM to characterize copper arrays of 40 nm in diameter with different pitch sizes down to 100 nm, which were deposited on a Si 3 N 4 membrane coated with a 7-nm-thick film of silica. In the quest to identify active sites in heterogeneous catalysis, EBL-prepared copper particles of 12, 35, and 63 nm in diameter, around 5 nm in height and with a pitch of 100-150 nm were supported on silica by Burghaus and colleagues, [21] who showed evidence of preferential adsorption of carbon monoxide and carbon dioxide along the rim of these particles using techniques such as AES, XPS, and molecular beam scattering. Other studies have obtained particle sizes and pitch of either the same or much larger dimensions, and have employed similar characterization techniques to study butane adsorption on molybdenum particles supported on silica, [22] the thermal, chemical, and mechanical stability of platinum nanoparticles supported on silica, alumina and ceria, [23] and high turnover reactions such as ethylene hydrogenation on platinum nanoparticle arrays. [24] The above-mentioned studies showed the feasibility to generate, characterize and do catalysis over systems generated by topdown nanofabrication; however the sizes of the active components were relatively large.
Model systems prepared by EBL are often not practical for low turnover reactions that require that these nanoparticles are spread over a large area (~1 cm 2 ) and with a pitch as small as possible for practical detection of reaction products. With the pitch around 100 nm, the area over which the nanoparticle arrays are patterned in most of these EBL studies is about a few square millimeters. Because of the sequential nature of EBL, it has very low throughput, limiting the total area of the patterned surface. While it is possible to produce nanoparticles over a larger area, the electron beam exposure of an area of a few square millimeters in size can take hours for a moderate pitch, and increases dramatically (up to a few days) if the pitch is reduced or the exposure area is in-tion interactions and catalytic reactivity on particle size. The evolution in surface science methods has been directly linked to the possibility of designing and characterizing new model systems -single crystal surfaces of metals were studied initially, followed by metal oxides in the form of thin films and leading the way to probe metal-on-metal oxide. [11] Ordered arrays of well-defined metal nanoparticles on a support, which can best be prepared using top-down nanofabrication, is a sought-after model system that would allow precise understanding of the effect of particle spacing and size on adsorption and reaction. The metal-support interaction and the inter-particle region takes an even more important role in a number of processes, such as the spillover effect. [12] Hydrogen spillover, i.e. the surface migration of hydrogen atoms from a metal catalyst where they are generated onto and away from the catalysts support, has been a widely debated subject [13] where the nature of the support and the distance from the metal catalyst plays a crucial role (details in section 4.2). [2a] The main requirements for the nanofabrication strategies used to create these ordered arrays of nanoparticles are: (a) to obtain catalytically active particles of sizes below 20 nm, (b) to have small inter-particle distances (pitch) and a correspondingly high packing density, and (c) to obtain these particles uniformly over a large area enabling to achieve good signal-to-noise ratio when characterizing these surfaces with, for example, X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), transmission electron microscopy (TEM) and X-ray absorption spectroscopy (XAS). [14] 2.1 Ordered Nanoparticle Arrays using EBL EBL is a very effective method to achieve nanoparticle arrays in the size range below 20 nm, which is most relevant in heterogeneous catalysis (see recent examples in Figs. 1-3 ). Somorjai and co-workers [15] used EBL-prepared platinum nanoparticles of 50 nm diameter (15 nm height) with 200 nm pitch on a silicon wafer to perform ethylene hydrogenation and showed high stability of these systems under UHV conditions. These were investigated by XPS, Auger electron spectroscopy (AES), scanning electron microscopy (SEM), atomic force microscopy (AFM) and temperature programmed desorption (TPD). In a similar manner, they later studied [16] the thermal stability of EBL-prepared silver nanoparticles of 25-30 nm in diameter and 10-15 nm in height, which were deposited on alumina (coated on silica) with a pitch of 100 nm. These square nanoarrays of periodically spaced cylinder-shaped particles, so-called high-technology model and characterize these nanoparticles under different conditions, particularly in the form of well-defined model catalysts that allow reducing the parameter space assessed by the study, therefore limiting overlap between different effects while still representing the complexity of a real catalytic system. Achieving the narrow nanoparticle size distribution and precise control of inter-particle distances is needed for model catalyst studies. This is possible by using top-down lithography approaches. Of these, conventional optical lithography or laser interference lithography techniques are resolution-limited and do not allow patterning of sizes below 20 nm. The widely used EBL offers small sizes albeit with constraints in the packing density and with a much lower throughput, thereby limiting the area that can be covered by the particles. These can be overcome either by using next-generation top-down methods such as EUV lithography at 13.5 nm wavelength allowing for large-area patterning within a fraction of the time required by EBL, or by employing novel surface science techniques to overcome the poor signal-to-noise ratio. This review aims to give a short overview of the past and present nanofabrication methods to prepare ordered model catalysts and their application in catalysis science, focusing on heterogeneous catalysis and electrocatalysis.
Applications of To p-Down Methods in Heterogeneous Catalysis
Heterogeneous catalysis involves chemical reactions accelerated with the aid of a solid surface, often in the form of small particles of transition metals, such as gold, platinum, iron, silver, and palladium. The smaller these are, the larger is their surface-area-to-volume ratio, and tuning their size controls their reactivity. [2b,10] Decreasing the particle size makes them less stable and they must be stabilized, which is done by using a support of a large surface area. The supports are often metal oxides, such as alumina, silica, titania, and carbon, onto which the catalyst particles are anchored, ideally well spread out to prevent contact with each other. In many cases, the support takes an active role in the reaction mechanism and they cannot be seen as chemically inert. Model catalysts are used to simplify the interplay between the physical/chemical properties of the catalyst particles and the support, so as to gain insight into the structure-activity relationship which, in turn, helps to design improved 'real' catalysts. For example, one such challenge is to identify the structure of the active phase at the surface and to understand the dependence of adsorp-spin-coated from a metal salt solution. The authors demonstrated coverage over a large area (a full 4-inch wafer), which constitutes the main advantage of this technique. They characterized the stability and chemical behavior of the resulting systems with XPS, AFM and SEM, proving their activity towards hydrogen and carbon monoxide oxidation. This type of sample was later used by Fokas and Deckert [36] to study single catalytic sites of thin palladium (0.2 nm) deposited on 50 nm thick silver islands in each pit, using Raman microscopy, although an in situ analysis was not possible. The diameter of the pits, and therefore of the particles, remained in the range of 200-300 nm, which was very large to guarantee any certainty in the nanoparticles' composition and homogeneity.
A number of other techniques have been employed to circumvent these limitations: (a) Colloidal or nanosphere lithography [37] -is an inexpensive method that combines top-down and bottom-up approaches, but which often results in particles without long-range order (more details in section 3.1); (b) Nanoimprint lithography [24b,38] is a low-cost, non-radiation-based lithography technique which allows the replication of a pattern over a large area. It uses a mold, also called template, that shapes the resist material into features and it does not have a diffraction limit in resolution. In recent years, sub-10 nm features have been achieved and it has the potential to go down further. [39] The main limitation is the ability to make the mold which is most often fabricated using conventional photolithography or EBL; (c) Size reduction lithography techniques -are a combination of different methods that promote the use of spacers and sacrificial materials to create nanowires, which have been used for catalysis. [38a,40] However, this technique does not allow nanoparticle arrays to be obtained due to it being limited to 2D structures; and (d) EUV lithography [3a,c]can potentially overcome all limitations regarding feature size, resolution and throughput mentioned in all previous techniques. It allows particles to be made with sub-10 nm resolution. Recently, we have shown that this technique, in the form of EUV-achromatic Talbot lithography (ATL) can yield uniform nanoparticle arrays of 15 nm diameter and 100 nm pitch over large areas (a square centimeter) with high throughput (vide infra, Fig. 4 ).
Catalytic Results on Other Well-defined Systems
Most nanofabricated model systems mentioned in previous sections have been employed to study the activity and stability of these metal particles in test reactions, such as carbon monoxide adsorption [17,21b] and ethylene hydrogenation, [24a,c] or to un-ways to further reduce particle size below these dimensions, such as the use of tilted evaporation. Inside the nano-wells of a comparatively large diameter of 20 nm and pitch of 75 nm prepared by EBL, Javey and Dai [28] deposited 0.5-2 nm thick cobalt, iron and platinum at a 5-10°angle with respect to the substrate normal; this was followed by an annealing process resulting in particles down to 2 nm in diameter which were subsequently used as catalytic seeds for chemical vapor deposition synthesis of single-walled carbon nanotubes. In contrast, employing chemical synthesis methods and cluster sources, particles smaller than 5 nm (down to subnanometer regime) on a support have been obtained with well-established processes, although these either have a broad size distribution or are poorly ordered. For example, in the studies involving gold and silver particles, Va jda and coworkers. [10d,29] compared the activity of subnanometer clusters and nanoparticles of about 2 nm in size using grazing incidence small angle X-ray scattering (GISAXS), a powerful tool to study the evolution of size and shape of supported clusters and nanoparticles under the reaction conditions. Chemical methods include strategies such as micelle and inverse micelle encapsulation, [30] seed-mediated growth, [31] polyol process, [32] co-precipitation and deposition−precipitation, [33] ionexchange, incipient wetness impregnation, and coimpregnation. [34] 
Nanofabrication Techniques for Large-area Patterning
Since most characterization techniques require patterning over an area large enough to achieve good signal detection, it remains important to develop approaches to increase the throughput of top-down methods. In addition, EBL is generally limited with regards to the type of substrate that can be used for precise patterning, since the accumulation of charges on insulating substrates requires working with thin-films of these materials or the use of a conductive polymer in the process. These issues can be overcome using classic photolithography techniques, which are most relevant for high-throughput fabrication over large areas and on a variety of substrates. On the other hand, these approaches have limitations in the achievable feature sizes and pitch, and therefore only a few studies in catalysis have employed photolithography. One such example was demonstrated by Schildenberger et al., [35] who performed laser interference lithography on a silica substrate to generate nano-sized holes (in the form of pits) down to 200 nm in diameter (with a pitch of the same size) inside which metals such as palladium, silver or copper were either deposited by evaporation (followed by lift-off) or directly creased. In addition, such large-area EBL patterning also results in lower uniformity due to its limited 'writing field' -the largest area exposed without moving the stage. As the pitch is reduced further below 100 nm, new challenges arise in the liftoff process -an important and frequently used final step of nanofabrication involving removal of the photoresist after deposition of metal. Moreover, lithographically prepared ordered nanoparticle arrays with sizes below 10 nm have not been studied for catalytic reactions because these sizes are not easy to obtain and a pitch of around 100 nm would lead to insufficient density of particles to provide any useful signal for such small sizes. These small sizes are of high interest in catalysis, exhibiting a different behavior from the larger particles, as there is huge increase in the percentage of surface atoms in the nanoparticles and quantum-size-related properties [25] come into effect for various processes, for examples in catalyst sintering, [10b] direct propylene epoxidation using silver nanoparticle, [10d] water-gas shift (WGS) catalysis over gold, [10c] hydrogen oxidation reaction using platinum [26] and many others.
[10a] Arrays of uniform, well-ordered and shape-defined nanoparticles of the single-digit nanometer size spread over few square centimeters with a pitch of few tens of nanometers for increased density would be an ideal model system.
Sub-10 nm-size Particles and Controlled Shape
Alternative ways to perform EBL over small areas have been applied by Komanicky et al. [27] to study the shape-dependent activity of platinum array catalyst for the electroreduction of oxygen (details in section 3.2). They obtained near perfectly shaped (100), (110), and (111) platinum particle arrays with a pitch of 200 nm and a height of 7.5 nm by etching a thin platinum film on a strontium titanate substrate using EBL-prepared hard masks followed by ion milling of the platinum film. This approach can be extended for applications in heterogeneous catalysis when combined with lithography techniques that allow large-area patterning. We recently obtained iron/iron oxide nanoparticles of sizes down to 6 nm with a thickness of 2 nm using EBL. [2b] Here, each nanosized hole (or nano-well) was patterned by implementing proximity effect correction strategies during EBL exposure, which was followed by optimization of the conditions for resist development, metal deposition and the lift-off process (details on application in section 4.1). This generic strategy can be used to prepare arrays of practically any metal that can be deposited using tools such as thermal evaporation and physical vapor deposition, among others. There are other
Colloidal Lithography for High Density Nanoparticles
Colloidal lithography is especially suitable for patterning large areas in the square centimeter range with a high density of nanoparticles. First employed by Kasemo and coworkers to fabricate platinum on ceria and alumina surfaces, [37b] the method has also been applied to obtain 120 nm diameter platinum nanodisks on glassy carbon. [55] Seidel et al. subsequently assessed the stability of the samples under typical conditions of electrocatalysis (i.e. potential cycling within 0.05 V to 1.6 V vs. the reversible hydrogen electrode (RHE)) and reported an improved treatment of the glassy carbon disks as well as the sputter deposition of the platinum films to increase their electrochemical stability. [56] Studying the oxygen reduction reaction on these model catalysts in a dual thin-layer double-disk electrode flow cell, [57] Schneider et al. observed significant evolution of hydrogen peroxide from the proposed 'serial' mechanism of the oxygen reduction reaction. [58] They attributed this behavior to the low probability for re-adsorption of hydrogen peroxide, and subsequent reduction/disproportionation to water, on model electrodes with a low density of platinum nanodisks. The preparation of electrodes with low densities led to a discrepancy between the expected and experimentally determined platinum coverage, prompting the investigation of the samples with high-resolution SEM. [59] The authors observed an adlayer of approx. 5 nm diameter platinum nanoparticles between the 100-140 nm platinum nanodisks that contributed significantly to the total electrochemically active surface area. With the nanoparticles likely resulting from the argon sputtering step transferring the colloidal mask pattern into the underlying platinum film, an improved nanofabrication process termed hole-mask colloidal lithography was developed based on deposition and lift-off. The resulting model catalysts have been used to study the oxidation of carbon monoxide and methanol. [60] In addition to the removal of undesired nanoparticles, hole mask colloidal lithography also enabled the fabrication of nanodisks with diameters around 50 nm, significantly smaller than the 140 nm obtained through colloidal lithography and used to study formaldehyde oxidation. [61] The ability to control nanodisk density was applied by the same group to study mass transport phenomena and product selectivity. [62] For mechanistically simple reactions, such as the oxidation of hydrogen and carbon monoxide, the authors observed an increasing current density with decreasing nanodisk density, indicating the transition from planar to hemispherical diffusion. For more complex reactions with at least one intermediate, the particle density model systems for systematic design and testing of the properties of novel catalytic systems.
Applications of To p-Down Methods in Electrocatalysis
In the framework of a sustainable hydrogen economy, polymer electrolyte fuel cells (PEFCs) and electrolysers are an important cornerstone to power the mobility sector and for peak shaving in the energy grid. [45] With platinum-based catalysts estimated to contribute between 20-45% to the overall PEFC-system cost, [46] a large effort has been undertaken to reduce catalyst loading and to increase activity and durability. [47] To provide a rational basis to these efforts, model systems have been employed throughout the last century, from single-crystal mono-and bimetallic surfaces, to thin films and metal nanoparticles on (high-surface area) carbon supports. [48] Preparing the latter via conventional chemical synthesis, through size selection from a cluster source, or using magnetron sputtering, several groups have reported that catalyst activity depends on particle size [49] and density. [50] Whereas these preparation methods enable a narrow particle size distribution and controlled density, inter-particle distances are generally obtained only as a distribution of values. [32b,51] While top-down lithography techniques are more suitable to address this model catalyst parameter, a wide-spread use thereof is hindered by the need for application-relevant particle sizes below 20 nm, along with the high nanoparticle density and/or large patterned area required for a sufficient current response. Additionally, the high sensitivity of platinum to contamination and the fragility of the samples when submitted to the most common electrochemical cleaning methods, such as potential cycling, annealing and chemical cleaning, place high demands on the fabrication processes to obtain reproducible results. [52] Using several fabrication steps puts tight demands on the design of the sample holders if the rotating disk electrode technique commonly applied for electrochemical kinetics studies, whereby the sample consists of a bulk cylinder, is to be used. [53] Otherwise, alternative electrochemical cells allowing to assess square-shaped samples have to be designed [54] and their current distribution profiles need to be computed to extract kinetically-relevant information from the measured diffusion-limited currents. Most efforts until today have therefore been placed on the fabrication of well-defined platinum nanoparticles with sizes below 50 nm and comparatively large interparticle distances as opposed to studies directed at the latter parameter.
derstand active sites in more details. [21a] Other well-defined model systems have also been employed for catalysis, which can be improved significantly using nanolithography. Two such examples are 'bilayer tandem catalysts' and the 'inverse supported catalyst'. The nanocrystal bilayer employed by Somorjai and coworkers [41] is a good example of engineering interfaces to perform tandem catalysis -sequential catalytic reactions on multiple metal-metal oxide interfaces. The bilayer consisted of two distinct metal-metal oxide interfaces, CeO 2 -Pt and Pt-SiO 2 , obtained by assembling platinum and cerium oxide nanocube monolayers of less than 10 nm on a silica substrate and the authors used this catalyst for hydrocarbon conversion. The CeO 2 -Pt interface catalyzed methanol decomposition to produce carbon monoxide and hydrogen, which was subsequently used for ethylene hydroformylation catalyzed by the nearby Pt-SiO 2 interface. Consequently, propanal was produced selectively from methanol and ethylene on the nanocrystal bilayer tandem catalyst. Weiss and coworkers [42] showed the concept of 'inverse supported catalysts' in which a well-defined CeO x /Pt(111) system was fabricated using the self-assembling of cerium adatoms on a Pt(111) surface with a subsequent oxidation of the nucleating cerium submonolayer (0.3 ML) to form CeO x island between 5 and 15 nm in diameter and 0.3 nm in height. Carbon monoxide oxidation was performed while monitoring the carbon dioxide production rate and the ceria oxidation state. The authors observed higher reactivity of the CeO x /Pt(111) than of the clean Pt(111) surface. They later suggested an 'active border' concept to explain the strong local enhancement of catalytic activity [43] -the modified electron density is restricted to a few adsorption sites in the wide area around the CeO x islands. Additional oxygen supply may originate via spillover from these regions. Such inverse catalysts were later employed in a number of studies, for example, by Rodriguez and colleagues. [44] They performed carbon monoxide oxidation and WGS using inverse ceria/copper catalysts (CeO x /Cu(111)) and showed that, even though bulk ceria has no activity towards these reactions, small amounts of ceria nanoparticles can activate the Cu(111) surface and achieve remarkable enhancement of its catalytic activity. The CeO x nanoparticles facilitated the WGS reaction by acting at the interface with copper to dissociate water while these nanoparticles enhanced in the dissociation of oxygen for higher activity towards carbon monoxide oxidation. Nanolithography techniques can further improve the precision of 'inverse catalyst' systems or the 'bilayer tandem catalyst', which are both excellent and electrolyte flow rate influence not only current density but also product distribution, as in a desorption-re-adsorption-desorption reaction scheme, whereby the readsorption step is less likely to happen on model catalysts with low density or when applying a high flow rate resulting in a thin diffusion layer thickness.
EBL-prepared Models in Electrochemistry
Guzenko et al. used an EBL strategy that focused the electron-beam to a diameter of approximately 10 nm, effectively patterning a single dot with a single beam shot ('single shot' technique) to achieve improved control over dot size and reasonable exposure time for dot arrays with 100 and 200 nm pitch. [63] After a hardware modification to increase fine focus and astigmatism correction, 25-35 nm platinum nanoparticles were obtained over a large area on glassy carbon by the lift-off process. They also reported 13 nm gold nanoparticles obtained on silica with a chromium adhesion layer and the size of these particles could be reduced further to 6 nm by annealing at 600°C. Savouchkina et al. then used the same technique to fabricate 30 nm platinum nanoparticles on highly oriented pyrolytic graphite with a pitch of 200 nm. [64] Applying in situ scanning tunnelling microscopy, the authors reported the stepwise dissolution of platinum, whereby the particle height decreased from 2.5 nm to 0.5 nm at a potential of 1 V vs. the standard hydrogen electrode in 0.5 M H 2 SO 4 and dissolved completely at potentials above 1.3 V. The hole pattern left behind was later revealed to originate from the high energy platinum clusters deposited via magnetron sputtering as opposed to electron-beam evaporation, where no hole pattern was observed. [65] Iddir et al. compared platinum nanoparticles fabricated by EBL and argon ion milling to a fabrication process combining both steps in one by focused ion beam lithography. [66] After annealing in nitrogen at 1150°C, 100 nm platinum nanoparticles with 200 nm pitch were grown epitaxially on the low-index surfaces of niobium doped SrTiO 3 . In a subsequent study, the authors used the same nanofabrication process to obtain 30-40 nm diameter platinum nanoparticles with 200 nm pitch that were used as model electrocatalysts for the oxygen reduction reaction [67] and displayed a reactivity proportional to the ratio of (100):(111) surface areas. With the close proximity of both facets in these model catalysts, Komanicky et al. suggested that the oxygen adsorbs on the (100) surfaces and diffuses to the (111) facets where it is reduced, thus explaining the activity increasing with the ratio of both facets [27] and confirming earlier studies on low-index platinum surfaces. [68] Using synchrotron X-ray scattering, the authors confirmed the crystal structure of the epitaxially-grown platinum nanoparticles and probed defects in the particle array.
Our Recent Advances in Fabrication and Characterization of Model Systems

EBL Combined with Spectromicroscopy at the Single-particle Level
Studies using EBL to obtain catalytic nanoparticle arrays have mostly targeted a large pitch above 100 nm, since the liftoff process that follows the patterning of nano-wells and subsequent evaporation of the metal becomes challenging for smaller inter-particle distances. With the aim to reduce the pitch to below 100 nm and to achieve small particle sizes keeping exposure time to a minimum, we improved upon the 'single shot' technique for EBL exposure. [63] We set the beam step size to 70 nm (equal to the required pitch) and fine-focused the beam to obtain high control over the particle size over a large area. After exposure and development of the positive-tone resist material resulting in optimal nano-wells, the deposition of the metal, such as iron, gold, chromium, niobium or platinum, could be done followed by the lift-off process. This resulted in uniform nanoparticle arrays down to 18 nm in diameter and with a pitch of 70 nm (SEM images in Fig. 1a and Fig. 1b ). Both dimensions, in addition to the relatively short exposure time (less than one hour for a 2 × 2 mm 2 area) are substantial improvements compared to earlier studies on nanoparticle arrays. The particle size could be reduced further down to 12 nm using a cold developer after the exposure; the strategy of inclined evaporation before lift-off has the potential to yield even smaller particles.
The sequential nature of EBL can be employed to prepare model systems that do not need high-throughput or a large area. While there is no other chemical synthesis or lithography technique that can be used to obtain ordered nanoparticles of multiple sizes on the same support, this is clearly possible with EBL. As an alternative to using large nanoparticle arrays, we applied spectromicroscopy to probe nanoparticles at the single-particle level down to 6 nm in diameter using X-ray photoemission electron microscopy (X-PEEM) at the Swiss Light Source (Fig. 2a ). Fig. 2b shows SEM of the model system consisting of well-defined iron oxide nanoparticles of nine different sizes from 80 nm in diameter down to 6 nm in a small 4 × 4 µm 2 field-of-view that was obtained on the same silica support (with 2.5 nm particle height).
[2b] Such model systems use EBL exposure times of only a few minutes and each particle can be designed to have a highly precise geometry by implementing proximity effect correction strategies. X-PEEM enabled in situ visualization of chemical action on these particles with its capability of imaging the model system while spectroscopic measurements were performed. The XAS spectra from all particles could be extracted simultaneously under the same conditions and at the single nanoparticle level. Fig. 2c  and 2d show this for a 10 nm and 8 nm particle respectively. Reduction and oxidation of the system were carried out to elucidate size-effects during oxidation as the particle size reached the 6 nm dimension. Although a significantly higher rate of oxidation was seen for smaller sized particles, the atoms on the surface of any of these particles are equally reactive. [2b] 
Controlling Distance between Particles with one Nanometer Precision and Elucidating the Spatial Extent of Hydrogen Spillover
Through the advancement of combining nanofabrication and spectromicroscopy techniques we next investigated the mechanism of hydrogen spillover, a widely debated phenomenon in heterogeneous catalysis, explained in Fig. 3a . Hydrogen can dissociate over a metal catalyst, such as spilled over from platinum onto the alumina can therefore move only over a very short distance (below 15 nm). On the other hand, spillover on reducible titania occurs via coupled proton-electron transfer with neither any competition with desorption nor with water coverage and is therefore highly efficient and uniform over large distances, thereby reducing remote iron oxide particles. [2a] 
Pairs of Nanoparticles in an Array over a Large Area
Studies at the single-particle level are much less resource-and time-intensive when compared to the use of EBL for creating large arrays of nanoparticles, but need novel surface analysis tools. Similar to the phenomenon of hydrogen spillover, many other catalytic processes depending on inter-particle interactions cannot be characterized with commonly used tools unless pairs of particles are achieved over a large area. We created such model systems ( Fig. 3d and Fig. 3e ) using EBL to pattern nano-well arrays and subsequently employed inclined metal deposition on a rotatory stage to deposit two nanoparticles of different materials opposite to each other inside each of these nano-wells. In the past, a similar strategy was used for plasmonic applications by combining colloidal lithography with inclined deposition. [70] We instead used EBL to create such ordered arrays of pairs, all of which had the same particle sizes and spacing between two types of particles. Tuning particle size and its separation was possible by decreas-of the 16 iron oxide particles were individually and simultaneously monitored by XAS in the X-PEEM before and after exposure to hydrogen to determine the degree to which each iron oxide nanoparticle was converted to metallic iron as a result of exposure to hydrogen. Fig. 3c shows the extent of reduction of iron oxide particles as a function of distance from platinum on the alumina support after hydrogen dosage at 343 K. No reduction to metallic iron occurred in iron oxide particles that were further than 15 nm away from platinum, and their XAS spectra coincided with the XAS from the iron oxide particle without platinum. This implies that hydrogen cannot reach further than this distance by spillover. Evidence of spillover was observed for an inter-particle distance below 15 nm, with increasing amount of reduction as the particles come closer to each other. On the other hand, equal reduction of all iron oxide particles was seen irrespective of their distance to platinum on a titania support. We also probed the surface of the support with spatial resolution of the X-PEEM around the individual pairs, and DFT calculations were employed to explain the observed spatial extent of hydrogen spillover on the two supports. We concluded that the restricted spillover on alumina is mediated by three-coordinated aluminum centers which also interact with water giving rise to a hydrogen desorption rate which is faster or comparable to the surface mobility. This causes a gradient in hydrogen coverage at the surface away from the platinum particle. Hydrogen that platinum in Fig. 3a , and promote a hydrogenation reaction on a different location, such as iron oxide reduction in Fig. 3c . This required transport of hydrogen over the catalyst support. It was generally accepted that hydrogen spillover occurs on a reducible support such as titania, but whether it occurs on a nonreducible support like alumina had been heavily disputed. We quantified the spatial extent of the spillover effect on alumina and titania support using an EBL-prepared model system. [2a] While earlier EBL studies focused on obtaining a large number of well-ordered nanoparticles that are all the same, the potential to study inter-particle interactions among two kinds of nanoparticles has not been fully exploited. We developed a new method, which results in pairs of two different nanoparticles close to each other, whereby the distance is controlled with an unprecedented precision of one nanometer. On a thin film of these supports, in a 4 × 4 µm 2 field-of-view, we placed one lone iron oxide particle and 15 pairs of iron oxide and platinum nanoparticles of 60 nm and 30 nm in diameter respectively, at different distances from each other ranging from 0 to 45 nm ( Fig. 3b shows a similar system) . The high precision of particle placement was achieved by overlay exposure involving three-step EBL and we compensated for the standard drift that would otherwise yield errors of ±30 nm by scanning for all the errors greater than one nanometer, and therefore overcoming the inherent resolution limit of EBL. [69] To elucidate the phenomenon of hydrogen spillover, each with small fluctuations in size between 2-5 nm for many reactions such as carbon monoxide oxidation, acetylene hydrochlorination, and C-H activation reactions. In addition, the nanoparticles of similar size prepared with alternative methods or on different supports behave differently. Nanofabrication of gold particles with controlled structure, shape and size on nonreducible and reducible supports will serve as an ideal model system for these reactions as well as for simple studies on adsorption of carbon monoxide and oxygen, which may provide new insights into the processes underlying catalytic activity of gold in reduced dimensions and into the reaction mechanisms. The complexity of the behavior of gold increases when used in combination with other metals. [73] For instance, bimetallic gold-palladium and trimetallic gold-palladium-platinum catalysts are highly active for methane oxidation and alcohol oxidation, respectively. Our development to obtain pairs of nanoparticles, that can also be extended to three particle systems or encapsulated systems, will not only allow detailed understanding of these types of catalysts by tuning the exact size and composition of the multiple metals, With simple variations in the exposure dose, pairs of particles of two different sizes are also possible (Fig. 4c) . As in the case of common optical lithography, the resist pattern needs to be transferred into a suitable metal, either via an etching process using a hardmask or through a lift-off process employing nano-wells. SEM images in Fig. 4d and Fig. 4e show platinum and iron nanoparticles obtained using the respective strategies. The size and pitch of the resulting particles are mainly limited by the transmission mask and further improvements in this will allow patterning metal nanoparticles at the resolution limit currently achieved by EUV lithography.
Perspectives
With novel nanofabrication techniques providing opportunities to create model systems that have particles with diameter below 5 nm and that are ordered, heterogeneously catalyzed reactions that become active only in this size-regime can be investigated. One such example is supported gold nanoparticles -a widely studied catalyst showing remarkable activity in the nanoscale, which is otherwise inert in bulk. [25, 72] Gold shows different reactivity ing the size of the nano-wells from 250 nm ( Fig. 3d ) to 200 nm ( Fig. 3e ) and by varying the deposition angle. This strategy can be combined with fabrication techniques that enable large-area patterning with high throughput, such as optical or EUV lithography, to obtain pairs of particles over an area of many square centimeters.
Scope of Next-generation EUV Lithography for Large Area Patterning
EUV interference lithography (EUV-IL) uses the wavelength of light at 13.5 nm to pattern high-resolution periodic nanostructures, and the setup at the XIL-II beamline of the Swiss Light Source currently holds the world-record in resolution achieved with photolithography. [3c,71] EUV-AT L, explained in Fig. 4a , enables patterning an area as large as 500 × 500 µm 2 in a single-shot (corresponding to a few seconds) and seamless step-and-repeat exposures, allowing extension of patterns over an area of a few square centimeters in a few minutes. [3a] Using EUV-ATL, we have shown that nanoparticle arrays of 15 nm diameter and 100 nm pitch can be obtained on silica supports (Fig. 4b). [3a] Fig. 3 . (a) Schematic representation of hydrogen spillover which is the surface migration of activated hydrogen atoms from a metal catalyst particle (platinum here), on which they are generated, onto and along the catalyst support. These hydrogen atoms can then react with a remote species (iron oxide here) away from the catalyst. to quantify the proposed reverse spillover effect in photocatalysis [75] providing new ways to approach the conversion of solar energy into chemical fuels such as hydrogen. In addition, our results on hydrogen spillover can be extended to a more detailed understanding of the support and the catalytic particle. For example, our theoretical calculations show that a certain geometry of platinum is more active and that the spillover process is favorable on alumina (100) interfaces. With the design of well-defined and faceted catalyst particles on single crystals, this can be experimentally shown using single-particle spectromicroscopy Additionally, atomic understanding of nanofabricated model systems is also required using computational methods to replicate large particles. This would help to predict the requirements of the model systems and to reduce the resources involved in characterization of such systems. As an alternative approach to metal on metal oxide, the 'active border' concept or 'inverse supported catalysts' [43] where a well-defined oxide particle covers a metal catalyst film may be used to overcome the stability issues of metal catalysts on support, permitting facile use of well-defined crystal facets of the metal and enhancing our understanding of processes at the metal-oxide interface during a reaction.
With state-of-the-art nanofabrication enabling well-defined bimetallic nanoparticle systems, model catalysts are also suited to study reactions in electrocatalysis proceeding over multiple intermediates or via dual-path mechanisms. One example is the oxidation of formic acid and the reverse reduction of carbon dioxide to formate on palladium-platinum surfaces. While the carbon monoxide intermediate poisons platinumsurfaces, [76] theoxidationonpalladium preferably happens via dehydrogenation involving adsorbed HCOO species. [77] Nanofabrication enables well-defined bimetallic systems of palladium-platinum, such as differently sized palladium nanoparticles on platinum thin films or on inactive support materials, palladiumplatinum core-shell or alloy structures via alloying, or arrays of the two metals with different interparticle distances. Studying not just the oxidation of formic acid but also the commercially relevant carbon dioxide reduction and concurrent hydrogen absorption into the palladium lattice, nanofabrication could help to shed light on unsolved questions in electrocatalysis.
The major driving force behind the development of nanofabrication methods has been the high-volume manufacturing of semiconductor devices. In accordance with the Moore's law, [78] these developments have led to ever-shrinking devices and will continue to do so. The state-ofthe-art in nanofabrication has entered into island bi-or multi-layers. Additionally, the model systems involving pairs of particles (Fig. 3) can be used to fully understand the role of dopants in catalysis by preparing and studying pairs of dopant materials with metal catalysts. This will have implications in reactions such as noble-metal-based WGS catalysis, [74] where dopants such as alkali atoms improve catalyst performance. Our method to observe the spatial extent of hydrogen spillover can be used but will provide better understanding of the role of distance between the particles on different supports elucidating the synergy between the metals in these reactions. The role of interfaces in such catalysts and in multistep reactions can also be precisely studied using model systems in the form of a 'bilayer tandem catalyst', [41] which is a powerful approach towards designing multifunctional catalysts and can be created by nanolithography as nanoparticle/nano- the scale range that is also relevant for catalytic systems but the most interesting feature sizes between subnanometer to 5 nm are still extremely challenging. We believe that nanofabrication will become an increasingly powerful and important tool for understanding of fundamental questions in catalysis and to further improve industryrelevant catalytic processes.
Conclusions
Metal nanoparticle arrays are the most commonly used nanofabricated systems in catalysis. These metal nanoparticles need to be small in size, packed with high density and spread over a large area. A variety of techniques, such as EBL, photolithography, colloidal lithography, size reduction lithography, and EUV-ATL, have recently been employed to achieve the desired nanoparticle arrays. EBL is the most widely used method, yielding nanoparticles of diameters down to 6 nm and pitch down to 70 nm with the direct lift-off process, while particles of 2 nm diameter have also been reported by combining the fabrication technique with an inclined evaporation strategy. In addition, complex model systems consisting of pairs of two different nanoparticles can now be achieved with an unprecedented precision of one nanometer, which allows placement of particles close to each other to study the role of inter-particle distance in catalysis, such as to quantify the spatial extent of hydrogen spillover. These systems can also be extended over large areas using oblique evaporation strategies on a rotatory stage. EUV lithography is a next-generation technique that has great potential in catalysis, as it overcomes the low-throughput limitations of EBL and still allows very high resolution and feature sizes. At present, 15 nm sized particles can be obtained with a pitch of 100 nm, while developments in mask fabrication strategies and etching processes will continue to provide a reduction of these dimensions. Va rious studies on nanoparticle arrays as model catalysts have been performed using XPS, XRD, and TEM, while recent developments have shown that studies are possible at the single-particle level without the need of having large area patterning. This has allowed a detailed understanding of particle size effects and of the roles of supports in stabilizing reaction intermediates. In addition to the developments in nanofabrication, novel surface science techniques in heterogeneous catalysis, further development in microreactors, and modified electrochemical cells in electrocatalysis are required, which will together open new opportunities to address the unresolved questions in both fields of catalysis.
